Surface acoustic waves (SAWs) are elastic waves that propagate on the surface of a solid, much like waves on the ocean, with SAW devices used widely in communication and sensing. The ability to dynamically control the properties of SAWs would allow the creation of devices with improved performance or new functionality. However, so far it has proved extremely difficult to develop a practical way of achieving this control. In this paper we demonstrate voltage control of SAWs in a hybrid graphene-lithium niobate device. The velocity shift of the SAWs was measured as the conductivity of the graphene was modulated using an ion-gel gate, with a 0.1% velocity shift achieved for a bias of approximately 1 V. This velocity shift is comparable to that previously achieved in much more complicated hybrid semiconductor devices, and optimization of this approach could therefore lead to a practical, cost-effective voltage-controlled velocity shifter. In addition, the piezoelectric fields associated with the SAW can also be used to trap and transport the charge carriers within the graphene. Uniquely to graphene, we show that the acoustoelectric current in the same device can be reversed, and switched off, using the gate voltage.
Introduction
The properties of surface acoustic waves (SAWs) have been investigated since Lord Rayleigh delivered the first mathematical discussion on the propagation of waves on the free surface of an elastic solid in an address to the London Mathematical Society in 1855. Early electronic acoustic wave devices employed bulk waves, for example in a simple delay line where bulk waves propagate in an elastic medium between two transducers. However, the invention of the interdigital transducer in 1965 by White and Voltmer [1] made it possible to excite SAWs directly on the surface of piezoelectric crystals, leading to SAW devices being developed for diverse applications such as analogue signal processing [2] , for example in cellular phones and radar systems, and for sensing [3] . More recently, the electrostatic fields associated with SAWs propagating on a piezoelectric material have been used to both manipulate and probe the behavior of charge carriers in a variety of nanostructures. For example, SAWs have been used to investigate the properties of Nano Res. 2016, 9(3): 685-691 a variety of two-dimensional electron and hole systems in the integer [4, 5] and fractional quantum Hall regimes [6] , quantum wires [7] , and quantum dots [8] . In addition, the electric fields associated with a SAW travelling on a piezoelectric substrate can be used to trap and transport charge at the speed of sound over macroscopic distances. This leads to an acoustoelectric (AE) current, an effect that has been extensively studied in nanostructures over the last few years for applications such as metrology and quantum information processing [9] [10] [11] [12] [13] .
Graphene, an atomically thin layer of carbon atoms arranged in a honeycomb lattice, naturally lends itself to integration with SAW devices and over the last couple of years there has been rapidly growing interest in this area. Theoretical studies predict a range of rich physical phenomena arising from SAW-graphene interactions [14] [15] [16] [17] , and graphene's potential as an extraordinarily responsive sensing material [18] is being exploited for the development of SAW sensors. For example, SAW devices that are responsive to hydrogen and carbon monoxide [19] , and moisture [20] [21] [22] [23] have been reported. Acoustic charge transport has also very recently been reported in graphene [24, 25] , and we have investigated it in monolayer graphene, produced by chemical vapor deposition (CVD), and transferred onto lithium niobate SAW devices, both at room temperature [26] , at low temperature [27] , and under illumination [28] .
In this manuscript we present proof-of-principle experiments that demonstrate how the unique properties of graphene, specifically the ability to tune its conductivity over orders of magnitude, can also be exploited as a means of controlling the properties of the SAWs. In particular, for the first time in a graphene/lithium niobate hybrid system, we demonstrate voltage control of the SAW velocity. This is especially important for the development of SAW wireless sensors [29, 30] , where the SAW sensor is used as a delay line in an oscillator circuit [3] , as it would enable the SAW device to be loaded by any conventional sensor that produces an output voltage. In addition, and uniquely to graphene, we show that the direction of the acoustoelectric current can be reversed, and also switched off, simply by varying the applied voltage.
Results and discussion
The field effect characteristic of a graphene/lithium niobate hybrid device illustrated schematically in Fig. 1 is presented in Fig. 2(a) , where the resistance of the graphene is measured as a function of the voltage applied to an ion gel gate, V gate .
The characteristic is typical of monolayer graphene, with a peak in resistance at V gate ≈ 0.4 V, corresponding to the charge neutral point (V CNP ) where the carrier density is minimized. A small change in gate bias can therefore be used to change the doping of the graphene from n-type to p-type. The resistance measured on these devices is much higher than typically obtained for CVD graphene on Si/SiO 2 substrates, probably reflecting both the effect of the lithium niobate substrate and also the relatively poor transfer of graphene onto the substrate, which results in patches of polycrystalline graphene connected only by narrow channels [27] . The field effect mobility (μ) was estimated from the field effect characteristics using μ = Δσ/(CΔVg), where σ is the sheet conductivity of graphene, and C is the gate capacitance. The value of gate capacitance, ≈ 1 μF/cm 2 , was taken from that calculated by Chakraborty et al. [31] for a similar configuration. The values of electron and hole mobility obtained, approximately 5 cm 2 /(V·s), are much smaller than those typical for CVD graphene on Si/SiO 2 , but are consistent with the values of mobility we have previously extracted from SAW measurements [26, 27] on similar graphene/lithium niobate hybrids. The measured SAW amplitude and phase at 11 MHz from the same device are plotted as a function of applied gate bias in Figs. 2(b) and 2(c), respectively. Both the amplitude and phase exhibit a strong dependence on the gate bias, having a minimum/ maximum at the voltage corresponding to the charge neutral point, respectively. The origin of this dependence is the piezoelectric interaction between the SAWs and the charge carriers in graphene, which can be described using a simple classical relaxation model [5] where the movement of the carriers to screen the SAW wavefronts causes attenuation due to Joule losses. The attenuation coefficient, , and 
where  is the SAW wavelength, 2 K is the piezoelectric coupling coefficient (0.056 for lithium niobate), v 0 is the SAW velocity when the surface is shorted (approximately 4,000 m/s in lithium niobate), and the attenuation coefficient has a maximum at a characteristic conductivity σ m . The strong dependence of the SAW amplitude and phase on the gate bias therefore reflects the ability to dramatically modulate the conductivity of the graphene using the gate.
There are two small minima (indicated by arrows) in the measured amplitude at voltages (0.33 and 0.42 V) either side of V CNP , suggesting that at these voltages the conductivity of the graphene is equal to the characteristic conductivity σ m . The attenuation coefficient, calculated from Eq. (1), and assuming that σ passes through σ m twice, is also plotted as a function of gate bias in Fig. 2(b) .
At small gate voltages σ is greater than σ m , so that as the gate bias is increased and σ decreases, the attenuation increases. This is seen as a decrease in the measured SAW amplitude as the gate bias is increased from approximately 0.1 V (the origin of the initial increase in the measured SAW amplitude at very small gate biases is unclear). As the gate bias is increased further, the conductivity of the graphene continues to decrease. The maximum attenuation occurs when conductivity of the graphene is equal to σ m , with a corresponding minimum in the measured amplitude. As the gate bias is increased beyond this point, the conductivity of the graphene decreases, and the attenuation falls, until it reaches a minimum at the charge neutrality point. The conductivity of the graphene starts to increase again at higher gate voltages, until a second maximum in the attenuation when σ = σ m . At gate voltages beyond this point, the conductivity rapidly increases and the attenuation Nano Res. 2016, 9(3): 685-691 rapidly decreases, as reflected in an increase in the measured SAW amplitude. This behavior is illustrated schematically in Fig. 3(a) where the attenuation coefficient calculated using Eq. (1) is plotted as a function of the ratio σ⁄σ m , again assuming that the conductivity of the graphene is equal to σ m , at two gate voltages either side of V CNP (note the measurements of velocity shift and acoustoelectric current, described below, are also consistent with this).
Values of the conductivity of the graphene can be obtained from the measured resistance using σ = (1/R) × (L/W), where R is the measured resistance, and L and W are the length (the separation between contacts, 300 m) and width (~3 mm) of the device. This yields a value of σ m (10 -7 Ω -1 ) that is smaller than the value of 1.25 × 10 -6 Ω -1 expected for a hybrid system based on lithium niobate [9] . However, this probably again reflects the relative non-uniformity of the graphene, and suggests that the effective width of the device is closer to 300 m than 3 mm.
The velocity shift, calculated from Eq. (2) (assuming that the conductivity passes through σ m , twice) is also plotted as a function of gate bias in Fig. 2(c) , and it can be seen that there is a very strong correlation between the calculated velocity shift and measured Figure 3 Calculated (a) attenuation and (b) velocity shift illustrating the behavior as the device moves from low conductivity at the CNP to higher conductivities at gate biases away from the CNP.
phase. Assuming a propagation length of 3 mm (width of the graphene), a substantial measured velocity shift (approximately 0.1%) is obtained by the application of a relatively small voltage (1 V). However, this is much smaller than the predicted velocity shift (~2%) from the simple relaxation model, as illustrated in Fig. 3(b) , and again suggests that the graphene is not uniform along and across the SAW propagation path. The value of the velocity shift we obtain is therefore likely to be an underestimate of the real shift caused by the modulation of the conductivity of the graphene. However, in comparison, much larger voltages (in the kV range) are required to obtain similar shifts using conventional electrical phase shifters (for example, Budreau et al. [32] required ~6 kV to achieve a velocity shift of 0.1%). A velocity shift of 0.6% has been reported for piezoelectric/semiconducting ZnO dual layers grown on r-Al 2 O 3 substrates, but for a gate bias of 18 V [33] . A larger velocity shift (~1.4%) was achieved for a change in bias voltage of 3 V in a GaAs/InGaAs/ AlGaAs-quantum well-lithium niobate hybrid structure [9] , but this device had a much more complicated fabrication technique. Optimization of the graphene/ lithium niobate hybrid concept here, including the potential use of a more conventional back gate to increase the speed of response, could therefore lead to a practical, cost-effective voltage-controlled velocity shifter.
The measured acoustoelectric current, plotted in Fig. 2(d) , exhibits a striking dependence on the gate bias which reflects the unique properties of graphene (note that very similar results are obtained at 11 and 32 MHz, except that the current measured at 32 MHz is larger). This dependence arises from the nature of the acoustic charge transport in which energy is transferred from the SAW to the carrier system, leading to a proportional loss of momentum [9] , which appears as a force on the carrier system. In a closed circuit, and in the absence of a magnetic field, the current density j can be described [9, 10] by
where μ is the charge carrier mobility, Q is the phonon pressure given by Q = IГ/v, I is the intensity flux of the SAW, Г is the attenuation per unit length, Nano Res. 2016, 9(3): 685-691
and v is the SAW velocity. When the SAW attenuation is at a maximum (σ = σ m ), the acoustoelectric current should therefore have a maximum, as observed in the measured data. However, in contrast to conventional 2D systems, the direction of the measured current changes as the gate bias is varied. At small gate biases, a large number of holes are induced in the graphene and the positive measured acoustoelectric current is due to the transport of these holes by the SAW. Conversely, at large gate voltages a large number of electrons are induced in the graphene, which gives rise to a negative acoustoelectric current. When the gate bias corresponds to the charge neutrality point, the SAW transports equal numbers of electron and holes, and as a consequence the net acoustoelectric current tends to zero. The ability to change the direction of the acoustoelectric current using the gate is further illustrated in Fig. 4 , where the measured acoustoelectric current is plotted as a function of both SAW intensity and applied gate bias. As can be seen, the sign of the acoustoelectric current shows a systematic dependence on the gate bias (similar results were obtained when the measurements were repeated at a frequency of 365 MHz). At all gate biases, the acoustoelectric current is linearly dependent on the SAW intensity, suggesting that (at least to first order) a classical approach can be used to describe this system. Note that this measurement was performed at a different time to the measurements presented earlier, where the charge neutrality point has shifted to a gate bias of approximately -1 V, and that the straight lines are guides to the eye only. Further work is now underway to investigate in detail the behavior of the acoustoelectric current, and SAW attenuation and velocity shift, at gate biases close to the charge neutrality point.
Conclusions
In conclusion we have demonstrated how tuning the conductivity of graphene can be exploited as a means of controlling the properties of SAWs in graphenelithium niobate hybrid devices. A measured velocity shift of approximately 0.1% was obtained by applying a voltage of 1 V to an ion-gel gate that induces charges in the graphene. Such hybrid devices could therefore be used in the future as a means of loading SAW wireless sensors with the voltage output of conventional sensors. They also provide an exciting platform to explore the rich variety of interactions that can take place between graphene and surface acoustic waves.
Method
The devices described here were fabricated as follows: A standard PMMA transfer technique [35] was used to transfer CVD graphene grown on copper onto commercially available 128° YX lithium niobate SAW delay lines. The delay lines had two identical, uniform double-finger inter-digital transducers (IDTs), with a transducer aperture of 3.25 mm, and an acoustic path length of 5.4 mm. Two 20 μm-wide metal contacts, 300 μm apart, were fabricated in the acoustic beam path using e-beam lithography, followed by thermal evaporation of Cr/Au (7 and 70 nm thick, respectively), as shown schematically in Fig. 1 .
The carrier concentration in the samples was controlled through electrostatic doping using a highcapacitance ion-gel gate dielectric [36] , which allows a large modulation of the Fermi energy with the application of a relatively small voltage. The ion-gel dielectric solution was prepared by dissolving 0.024 g of lithium perchlorate and 0.2 g of poly ethyl-oxide (PEO) in 10 ml methanol [36] . Ultrasound was applied to the solution for 10 min, followed by heating at 80 °C while stirring. The uniform suspension obtained was centrifuged at 10,000 rpm for 5 min, to separate sediments of the heavy polymer particles, and the clear liquid from the top was extracted. It was carefully drop-cast onto the graphene avoiding the transducers, and the methanol was allowed to evaporate at room temperature. A third metal contact, outside of the acoustic beam path was used to apply a voltage (the "gate" voltage) between the ion gel and one of the other contacts, as shown schematically in Fig. 1 , to control the carrier concentration within the graphene. Measurements were performed by mounting the devices in a vacuum chamber (3.6 × 10 -6 mbar) at room temperature. SAWs were generated by exciting the IDTs using an Agilent 8648C radio frequency (RF) signal generator, and most measurements were carried out at a frequency of 11 MHz. The measurement of the acoustoelectric response and the supply of gate bias was performed using a Keithley 2400 source measurement unit (SMU). Two-terminal currentvoltage measurements were used to determine the graphene conductivity, and the attenuation and phase shift (velocity shift) of the SAW were measured using a 2 GHz LeCroy Waverunner 204Xi oscilloscope. Measurements are presented from one device, but similar behavior was observed from a second device (see the Electronic Supplementary Material).
